In the framework of elastocaloric (eC) refrigeration, the fatigue effect on the eC effect of natural rubber (NR) is investigated. Repetitive deformation cycles at engineering strain regime from 1 to 6 results in a rapid rupture (approx. 800 cycles). Degradation of properties and fatigue life are then investigated at three different strain regimes with the same strain amplitude: before onset strain of strain-induced crystallization (SIC) (strain regime of 0-3), onset strain of melting (strain regime of 2-5) and high strain of SIC (strain regime of 4-7). Strain of 0-3 leads to a low eC effect and cracking after 2000 cycles. Strain of 2-5 and 4-7 results in an excellent crack growth resistance and much higher eC effect with adiabatic temperature changes of 3.5 K and 4.2 K, respectively, thanks to the effect of SIC. The eC stress coefficient index γ (ratio between eC temperature change and applied stress) for strains of 2-5 and 4-7 are γ 2-5 = 4.4 K MPa −1 and γ 4-7 = 1.6 K MPa −1 , respectively, demonstrating the advantage of the strain regime 2-5. Finally, a highcycle test up to 1.7 × 10 5 cycles is successfully applied to the NR sample with very little degradation of eC properties, constituting an important step towards cooling applications.
Introduction
Vapour-compression has been the dominant technology for all cooling needs in the past 100 years. The global warming potential of the conventional refrigerants used in vapour-compression equipment is as high as 1000 times that of CO 2 . Solid-state cooling based on the caloric effect is foreseen to become an alternative 2016 The Author(s) Published by the Royal Society. All rights reserved. technology [1] . In the current research, many problems appear in the caloric materials for solidcooling technology and are hard to solve, like the toxicity of As-based magnetocaloric material [2] and low dielectric strength of electrocaloric (EC) bulk material [3] . On the other hand, elastocaloric (eC) materials appear to be an interesting alternative, although the large required stresses or the limited fatigue life may limit their utilization. Natural rubber (NR) has been widely used in mechanical parts [4] , but research when it acts as an eC material is just beginning (see our former work, for example, in [5] [6] [7] ) although it is one of the oldest known caloric materials [1] . The eC effect is the ability of a material to change its isothermal entropy upon the application of a mechanical stress. It is evidenced, for example, by observing large temperature variations in adiabatic conditions upon application or withdrawal of an external stress. This multiphysic coupling is especially strong in shape memory alloys (SMAs) [8] [9] [10] , such as in Ni-Ti alloys [11] , leading to eC cooling devices as proof of concept and 'optimization [12, 13] . In NR, the eC effect is also called the Gough-Joule effect [14] . Large temperature changes (greater than 10 • C) and isothermal entropy changes (greater than 60 J K −1 m −3 ) at a strain of 5 may be obtained [15] [16] [17] . With a Young modulus of several megapascal, the necessary tensile stress remains very small compared with metallic alloys. Furthermore, the material is non-toxic, environmentally friendly and low cost [5] . Like other materials exhibiting strain-induced crystallization/crystallite (SIC), NR shows good crack growth resistance [18] [19] [20] . Some reports indicate that its fatigue life can be up to 10 5 -10 6 cycles in moderate strain amplitudes (less than 500%) [21, 22] and even to 10 7 cycles [23] for a 200% strain amplitude. It is an important and very promising step towards the development of applicable NR material in an eC cooling device, such as those developed for SMA alloy-based cooling applications. Moreover, contrary to inorganic materials, the fatigue damage of NR can be healed by a high temperature or solvent exposure [24] .
In NR samples stretched more than 3.8 times, SIC, acting as reinforcing and toughening fillers, increase the crack resistance [20] . 'Annealing' (increasing minimum strain) of an elastomer can result in significant changes of fatigue life and the ultimate tensile strength, which depends on the strain level of annealing [25] .
For a constant strain amplitude, increasing the mean stress from about 1 to 2 MPa also increases the fatigue life [21, 22] . These phenomena show the fatigue property dependence of fatigue life on the strain regime, which is an important parameter for the application of the eC effect. In this paper, the fatigue life property of the eC effect at different strain regimes is therefore compared. In addition, the degradations of stress and temperature changes are shown after cyclic deformation cycles up to 10 3 cycles. Numerous experimental results are presented showing the dependence of the eC effect and mechanical properties on the fatigue of the sample. The observed tendencies are interpreted in terms of crystallization properties that may explain the differences between the eC effect and variations in mechanical properties upon fatigue. Finally, an optimal strain regime is identified for further working conditions in the case of eC cooling systems and a high-cycle test (1.7 × 10 5 cycles) is shown.
Experimental procedure
The mechanical system consisted of tensile tests using an Ironless Linear Motor (XM-550, Newport, NY, USA) and stress measurements with the help of a force sensor (ELPF-T2M-250N, Measurement Specialities, Paris, France). The temperature measurements used an Infrared Camera (NEC G-120, Japan). The material under test is a vulcanized NR (Xinyinte Rubber Products Co., Ltd., China). The NR film was mounted in a sample holder composed of one fixed and one movable part. The network chain density (N) of this rubber is 1.1 × 10 −4 mol cm −3 , calculated from the initial regime of the stress-strain curve. The cross-section area of the NR sample is 20 mm × 100 µm and the original length is 10 mm. The engineering strain variable ε = (l − l 0 )/l 0 is used in this study, where l and l 0 are the length of the sample when stretched and the initial length, respectively. In addition, the engineering stress variable is used (longitudinal force divided by the initial cross-sectional area of the sample with the strain rate of 0.024 s −1 is shown in figure 1 , after five cycles from which the hysteresis becomes stable. The mechanical hysteresis originates from SIC [26] [27] [28] , and the stress upturn during the strain increase process is typical from the stress hardening effect of SIC. Contrarily, the lower stress during the retraction process is due to a larger degree of SIC, indicating that the stress relaxation effect of SIC dominates in this process. Both elasticity and eC adiabatic temperature change are relevant properties for cooling applications. Both are, therefore, characterized as a function of the number of deformation cycles, showing the fatigue property of eC effect. To evaluate the influence of the strain amplitude on the fatigue property of the eC effect, the fatigue test was conducted at a large strain amplitude of 5 (strain regime of 1-6) and small strain amplitude. For the fatigue test at small strain amplitude, to evaluate the fatigue property at different strain regimes, strain regimes of 0-3, 2-5 and 4-7 with the same strain amplitude of 3 were chosen, respectively.
Two kinds of experimental processes were conducted. One was a large number of deformation cycles for inducing fatigue, which can be referred to as the 'fatigue cycles'. The other was the step deformation for measuring the fatigue results (including measurement of temperature change and stress). The step deformation can ensure a quasi-adiabatic condition measurement right after the application of the step. For strain amplitudes of 1-6, the specific loading history is as follows. Firstly, the adiabatic temperature change and stress were measured from a strain of 1-6 with a step of 1 or 0.5 (an example is shown in figure 2a ). The strain rate in extension and retraction processes was 20 s −1 , which was larger than the adiabatic limit (the adiabatic limit corresponds to the characteristic time of heat exchange with the outer medium). Figure 2a displays a typical time profile of the temperature change of NR material upon a step deformation. The temperature increased abruptly when the NR was stretched and then decreased exponentially towards room temperature because of the thermal heat exchange with the surrounding environment. The applied strain was kept constant for 20 s. Figure 2b shows the stress relaxation during the keeping time. When the applied strain was removed, the temperature decreased below room temperature and then increased exponentially back to room temperature. The temperature decrease is larger than the temperature increase, which is caused by different kinetic properties of SIC and melting [6, 26, 29, 30] , as discussed in a previous paper [6] . SIC requires time to be completed (up to several minutes) which is much longer than the adiabatic limit. Consequently, the temperature increase is prevented by the heat exchange with surrounding medium, which means in other words that the pseudo-adiabatic condition is not achieved. In contrast, SIC melting is a faster process, and because the adiabatic limit becomes larger thanks to a smaller exchanging area of the sample, it is possible to consider that the thermal condition is close to the adiabatic condition. It is reasonable to consider that, in view of low mechanical losses, entropy change of the sample is of similar amplitude for both stretching and retraction of the sample (negligible irreversible entropy). However, this entropy change does not lead to the same temperature peak amplitudes due to the loss of the adiabatic assumption in the stretching process. Typical strain signal applied to the NR sample, including both characterization sequences (step signal) and fatigue cycles at 0.5 Hz.
the eC effect always use the decreasing temperature peak in order to measure a reliable value. One of the origins of fatigue of the eC effect comes from the breakage of network chains. The stretching stress is related to the number of network chains, which is used as an indicator of fatigue of the eC effect. When stretching NR, irreversible entropy variation may occur due to the breakage of network chains [31] . Thus, for eC effect characterization, only the temperature decrease in the retraction process was presented in order to avoid any irreversible effect, and, as stated above, for ensuring adiabatic temperature measurement.
After eC characterization, a number of deformation cycles stimulated by sine waves with a frequency of 0.5 Hz were applied (figure 3). The number of cycles was divided into different periods (10 cycles or 80 cycles at one time). After every sequence of deformation cycle, the temperature change and stress were measured as the first time. This procedure allows a follow-up of the properties of NR with gradual fatigue.
For the fatigue test at a small strain amplitude, the basic experimental procedure was the same as for the strain regime of 1-6. The difference was the different periods of the fatigue cycles. In addition, the eC temperature change and stress were only measured at the same strain amplitude as the fatigue cycles in case of any further fatigue induced by the characterization strain steps. 
Results and discussion
In order to show the degradation of eC temperature change and stress quantitatively in a specific period of fatigue cycles, a degradation degree of temperature change d T and a degradation degree of stress d σ are defined as
where T 1 , σ 1 are the adiabatic temperature change and stretching stress from the first characterization and T 2 , σ 2 are the adiabatic temperature change and stretching stress after a specific range of fatigue cycles, respectively.
(a) Fatigue testing for large strain amplitude
In figure 4 , the evolution of eC temperature change and stress at a strain regime of 1-6 from the first cycle to 650 cycles were compared. Both eC temperature change and stretching stress are also plotted as a function of the number of fatigue cycles in figure 4 , for a strain amplitude of 6 only. From the first cycle to 10 cycles, the eC temperature change is almost constant (figure 4a). Meanwhile, there is an upturn of eC temperature change from a strain of 3. In contrast, for stress, there was a large degradation at all tested strain levels (figure 4b) starting from the first cycle. As an example, at a strain of 6, the stress decreased from 1.5 to 1.1 MPa (degradation degree of stress of 27%) when comparing the first characterization and after 10 cycles.
From 10 cycles to 650 cycles, the degradation of eC temperature change becomes larger and the degradation increases as the strain increases (figure 4a). In figure 4b , the degradation of stress shows the same tendency after 650 cycles. At a strain of 6, the eC temperature change decreased from 7 to 5.3 K (degradation degree of 24%). The stress decreased from 1.1 to 0.87 MPa for a strain level of 6 (degradation degree of stress of 21%).
It is worth noting that the degradation degree of the eC temperature change is much lower than degree of stress degradation from the first cycle to 10 cycles, whereas it is similar from 10 cycles to 650 cycles (24% and 21% for degradation degree of eC temperature change and stress, respectively). Moreover, the degradation degree of stress (27%) from the first cycle to 10 cycles is larger than that from 10 cycles to 650 cycles (21%), which is not proportional to the number of fatigue cycles.
An explanation based on the mechanism of SIC growth is proposed in order to interpret the observed difference between degradations of eC temperature change and stress from the first cycle to 10 cycles. It has been extensively evidenced that the SIC of NR occurs at around a strain of 3 at 25 • C [21, [27] [28] [29] , which indicates that the upturn of eC temperature change is attributed to the enthalpy of SIC. In the stretching process, the short chains are first stretched and become the nucleation chains [25, 28, 32] . The nucleation chains then interact with the surrounding chains. The SIC growth corresponds to the process where a nucleation chain binds its surrounding chains. The amount of the surrounding chains bound by one nucleation chain during the SIC growth process can be referred to as the SIC growth degree. Thus, the stretching stress comes from two parts. One is the entropy elasticity of coil-stretch transition of nucleation chains, and the other is the constraint from the surrounding chains of nucleation chains [33] [34] [35] [36] . The alignment of surrounding chains is kept partially even after the retraction, which can be referred to as the inertia effect of SIC chains. Thus, the constraint of nucleation chain from the surrounding chains is reduced by the inertia effect of SIC after 10 cycles, which results in large stress degradation. This is similar to the memory effect: if the macromolecules have not totally relaxed during the retraction, re-nucleation can be eased [27, 37] . It can be further concluded that SIC growth during one cycle induces the inertia effect of SIC chains in subsequent cycles. SIC growth can induce the stress relaxation and the inertia effect of SIC chains can induce the stress degradation.
The eC temperature change comes from the entropy of coil-stretch transition on the one hand, and mainly the enthalpic entropy, on the other (SIC transition of network chains) [6, 38] . As a consequence, the eC temperature change can be used as an indicator of the amount of crystallization of the material. The inertia effect of SIC chains decreases the entropy variation induced by coil-stretch transition, but have little influence on the enthalpic entropy, as it appears that a similar amount of crystallization occurs during stretching. The increased degradations of eC temperature change and stress as the strain increases ('horn' shape of the degradations of temperature change and stress in figure 4) may be due to the stress effect of SIC. As SIC binds more and more chains as strain increases, the SIC network is built resulting in increased network chain density and stress, which is referred to as the stress hardening effect of SIC. Some network chains cannot align with the nucleation chain and the potential SIC growth becomes lower as the SIC network develops with strain. This is the self-hindering effect of SIC chains. Consequently, the stress relaxation effect induced by SIC growth [19] is reduced and the stress hardening effect of SIC becomes dominant as the strain increases. This would easily lead to the breakage of network chains after a large number of fatigue cycles and thus lead to a degradation of the eC temperature change and stress. Besides the chain breakage, residual SIC may also occur after fatigue cycles (i.e. partial melting).
In conclusion, from the first cycle to 10 cycles, the main reason for fatigue is the inertia effect of SIC chains, which results in the large degradation of stress and almost no degradation of temperature change. From 10 cycles to 650 cycles, the degradation of stress is due to chain breakage. For degradation of the temperature change, one part may be due to residual SIC and the other part may be due to chain breakage. After about 800 deformation cycles, a large number of white points appear in the NR sample which begins to crack. The white points may be the residual SIC network points. 
, leading to large degradation of both eC temperature change and mechanical stress, as well as material rupture for a small number of cycles (a few hundreds). This observation demonstrates that such a strain regime is totally inadequate for an eC effect-based cooling system. Thus, in order to increase the fatigue life and get an adequate number of cycles used for cooling systems, a decrease of the strain amplitude is tested, as it was already demonstrated that this increases greatly the fatigue life [21] [22] [23] . As an example, a 200% strain amplitude may increase fatigue life up to 10 7 cycles [23] .
(b) The fatigue test at small strain amplitudes
The choice of strain regime with small strain amplitude should be related to the occurrence of SIC, whose onset strain is around 3. When SIC occurs in extension in a deformation cycle, its melting strain in retraction is lower (around a strain of 2) than the onset strain of SIC due to SIC strain hysteresis [32] . The fatigue life property of NR can be improved by SIC [20, 26] , and the strain regime should be chosen according to both the onset strain of SIC and the melting strain [32, 39] .
Keeping the same strain amplitude of 3, the degradations of both eC temperature change and mechanical properties were measured for three different strain regimes, before the onset of SIC (strain of 0-3), at the onset strain of melting (strain of 2-5), and high strain of SIC (strain of 4-7). A strain of 0-3 is referred to as an amorphous strain regime, whereas a strain of 2-5 and a strain of 4-7 are referred to as SIC strain regimes. In all cases, the eC effect and mechanical characterization strain amplitude is the same as that of the fatigue sinusoidal cycles which are applied to the sample. When studying fatigue at different strain regimes, a virgin sample was systematically used.
The fatigue dependence of NR properties for a strain of 0-3 was tested first. In figure 5a , it is shown that the eC temperature change was almost stable during the 2200 cycles, whereas stress decreases continuously with the logarithm of the number of fatigue cycles as shown in figure 5b. After 2200 cycles, the degradation of stress is found to be around 10% (figure 5b). From 2000 cycles, numerous cracks of 1-3 mm appeared indicating irreversible damage of the sample and a very short fatigue life.
In the case of the second tested strain regime (strain from 2 to 5), no cracks were observed and the sample remain undamaged whatever the number of cycles tested (more than 3000 cycles). The protection mechanism of SIC is evidenced compared with the amorphous strain regime. From the first cycle to 100 cycles, there is a clear decrease of the eC temperature change from 4 to 3.3 K, representing a degradation degree of 17% (figure 5c). For stress, it degrades from 1.16 to 0.83 MPa (degradation degree of 28%), which is larger than the degradation degree of eC temperature change (figure 5d).
As described in §3a, it is attributed to the inertia effect of SIC chains, which is a type of memory effect of polymer chains. From 100 cycles to 3000 cycles, both the eC temperature change and stress are observed to be stable, showing that the internal structure of the material recovers its initial state from one cycle to another cycle. Moreover, it indicates the absence of irreversible processes, such as chain breakage.
The fatigue property can be associated with the ability of crack growth resistance [22] . SIC freezes the network chains thus preventing the coil-stretch transition and the occurrence of fatigue. Furthermore, SIC binds numerous polymer chains forming a SIC network, which can effectively prevent crack formation and growth [20, 26] . Thus, the material remains intact after 3000 deformation cycles at a strain of 2-5. In contrast for a strain amplitude of 0-3, no freezing effect of SIC avoids the occurrence of fatigue of network chain and no SIC network resists to crack formation and growth.
The fatigue property of the eC effect for a strain of 4-7 was finally tested. After 3000 deformation cycles, no cracks were observed, which exhibits the same protection mechanism of SIC as for strain amplitude of 2-5. The degradations of eC temperature change and stress are displayed in figure 5e ,f , respectively. From the first cycle to 500 cycles, the eC temperature change remains constant, whereas the stress continuously decreases. For 500 cycles, the degradation degree of eC temperature change is measured to be 7%, whereas the stress degradation degree is 28%. Similar to the case of a strain of 1-6 and strain of 2-5, where a small degradation degree of eC temperature change but a large degradation degree of stress is observed, which may be attributed to the inertia effect of SIC chains. From 500 cycles to 3000 cycles, the eC temperature change becomes stable, whereas the stress continuously decreases in the logarithmic scale of the number of cycles up to 3000 cycles, showing a poor stabilization compared with the previous case. In order to provide a selection criterion for further eC cooling application, the results are summarized and compared for the three tested strain regimes. For the same strain amplitude, the stable eC temperature changes after a large number of cycles at the three strain regimes are compared. The eC temperature change at strains of 0-3, 2-5 and 4-7 are 1.2 K, 3.5 K and 4.2 K, respectively. It indicates that the eC temperature changes at SIC strain regimes (strain of 2-5 and 4-7) are much larger than that of amorphous strain regimes (strain of 0-3) because of the latent heat of SIC. It confirms that a SIC strain regime must be chosen for the eC effect application. Similar to a previous paper [6] , it was demonstrated that the best eC performances for pre-strained conditions were also obtained at the onset of SIC for a similar NR. It is, moreover, confirmed that working at this strain regime not only increases the eC performance thanks to a higher crystallization (strain dependent and the entropy is associated with the enthalpy of crystallization), but also prevents cracks formation and growth and even enhances strongly the fatigue life. Moreover, in an attempt to compare the experimental results, the fatigue property is illustrated by the degradation degree of stress. In figure 6a , the degradation degrees of stress at strain regimes of 0-3, 2-5 and 4-7 are compared. Reaching 2000 cycles, the degradation degree is measured to be 10%, 32% and 33% at strain regimes of 0-3, 2-5 and 4-7, respectively. The degradation degrees of stress at SIC strain regimes are larger than amorphous strain regimes, which was attributed to the inertia effect of SIC chains. Meanwhile, the larger degradation degree observed is also associated with a much better crack growth resistance of SIC and longer fatigue life. It might be concluded that the larger degradation degree of stress induces a better crack resistance, although inducing a larger degradation degree of stress.
It is worth noting that the degradation degree of a strain of 4-7 is always lower than that of strain 2-5, but the tendency show a continuous degradation of stress. In contrast, for strain 2-5, the degradation degree increases from the first cycles but stabilizes rapidly to a value around 30%. If these tendencies are kept identical for further increase of the number of cycles, one might easily foresee that the degradation degree for a strain regime of 2-5 will increase a little whereas the degradation degree for a strain regime of 4-7 will still increase. A tentative projection of these results indicates that for 10 7 cycles, the degradation degree for strain regimes of 2-5 and 4-7 would reach 45% and more than 70%, respectively. For the eC effect, the degradation in both cases would be around below 34% and 7%, respectively.
In order to interpret the stress degradation phenomenon after a large number of cycles for the three strain regimes, the stress relaxation effect for a single deformation cycle can be used. The stretching stress comes from the coil-stretch and nucleation transition [30, 37] , while the stress relaxation is induced by SIC growth [19] . The degree of SIC growth degree can be estimated qualitatively by a stress relaxation ratio where σ relaxed = σ stretching − σ retraction is the difference of the stretching stress and the retraction stress (the definition of the different stresses are illustrated in figure 2b ), i.e. the relaxed stress at the applied strain.
In figure 6b , the stress relaxation ratios at a strain regimes of 0-3, 2-5 and 4-7 are shown. The stress relaxation ratio at a strain regime of 2-5 is larger than at a strain regime of 4-7, which indicates a larger SIC growth degree. It is interpreted that a larger SIC growth degree should be associated with a larger inertia effect of SIC chains and a larger stress degradation (more details in §3a). Thus, the larger stress relaxation at a strain of 2-5 is probably correlated to faster stabilization of the stress degradation degree at a strain of 2-5 rather than at a strain of 4-7. This capability of the material to relax stress makes it faster to reach a stable stress-strain behaviour. As interpreted in §3a, a large stress relaxation and large inertia effect of SIC chains may be at the origin of the good observed fatigue life. In figure 4a , the 'horn' shape of the degradations of temperature change and stress may indicate the good fatigue property at middle strain and bad fatigue property at high strain (the fatigue property at SIC strain regime is only considered). A similar result is illustrated in figure 6a ,b. The small stress relaxation ratio indicates the dominant stress hardening effect of SIC at a strain of 4-7 and the related SIC mechanism has been discussed in §3a (figure 4). The tendency of continuous stress degradation after 3000 cycles at a strain of 4-7 is probably related to chain breakage, and may indicate a poor fatigue property. In contrast, the larger stress relaxation in the keeping time of applied strain and the rapidly obtained stable stress in fewer cycles at strain of 2-5 may indicate a better fatigue property.
This can be further analysed in view of the pioneering work of Cadwell et al. [23] . They tested the fatigue life dependence on the minimum stretching strain and strain amplitude. For constant strain amplitude, the fatigue life of NR improves with increasing minimum strain up to a moderately minimum strain level (approx. 200%), beyond which fatigue life decreases with increasing minimum strain. It indicates that the moderately minimum strain with longer fatigue life should be the onset strain of SIC, which may correspond to our tested strain regime of 2-5, and shorter fatigue life should occur at the high strain of SIC, which may correspond to our tested strain regime of 4-7.
The eC performances at the two SIC strain regimes, onset strain of melting (strain of 2-5) and high strain of SIC (strain of 4-7), are finally compared. Considering another caloric effect, such as the EC effect, and in order to evaluate the performance of different materials, the reported EC temperature changes are often normalized per unit of the applied electric field [3] . Owing to the different eC properties of NR (stress and temperature change) at different strain regimes, a normalization per unit of strain would be irrelevant. Thus, in order to evaluate the eC effect performance and enable insight into the intrinsic properties of the eC effect of NR at different strain regimes, the temperature changes at different strain regimes should be normalized by the corresponding stretching stress
where σ stretching is the dynamic engineering stress. This is referred to as the eC stress coefficient. Considering the stable state after 3000 cycles, the eC stress coefficient at the onset strain of melting (strain of 2-5) and high strain of SIC (strain of 4-7) are γ 2-5 = 4.4 K MPa −1 and γ 4-7 = 1.6 K MPa −1 , respectively. It should be noted that in both cases, the strain amplitude relative strain increase is ε = 3. The lower value of the coefficient for a strain regime of 4-7 is a consequence of working in the upturn of the stress-strain behaviour (stress hardening effect of SIC), so that the same relative strain amplitude requires a larger stress. Consequently, considering the longer fatigue life and higher eC performance, the strain regime 2-5 should be chosen for eC effect cooling applications, although a larger degradation of properties is observed.
At a strain of 2-5, a fatigue test of high cycles (up to 1.7 × 10 5 ) was finally successfully conducted at 2 Hz, without any crack or rupture. In figure 7 , the evolution of eC temperature change is shown as a function of the number of cycles. 
Conclusion
Fatigue of the eC effect in NR was investigated. Using engineering strain cycles whose amplitude varies from 1 to 6, NR rupture is observed for a limited number of cycles (approx. 800 cycles) showing a very short fatigue life. This limited number makes the material inadequate for cooling applications where a very large number of cycles would be necessary. Thus, in order to increase the fatigue life and get an adequate number of cycles for cooling systems, the method of decreasing strain amplitude must be used.
The fatigue dependence of the eC effect was investigated for three small amplitude strain regimes with the same strain amplitude of 3 (strain of 0-3, 2-5 and 4-7). A strain of 0-3 is the amorphous strain regime and strains of 2-5 and 4-7 are the SIC strain regimes. It is observed that the fatigue life of the eC effect of NR is improved and the temperature change is higher when working at SIC strain regimes (strain of 2-5 and 4-7) rather than amorphous strain regimes (strain of 0-3). Moreover, the stress degradation at SIC strain regimes (strain of 2-5 and 4-7) is larger than amorphous strain regimes (strain of 0-3). For both SIC strain regimes (strain of 2-5 and 4-7), there is large stress degradation but slight temperature change degradation. At a strain regime of 2-5, there is a quicker stabilization of the stress than at a strain regime of 4-7. At strain regime 4-7, the stress decreases continuously up to 3000 cycles. This observation might be correlated to the larger stress relaxation for strain regime 2-5 compared with strain regime 4-7. It is concluded that working at the onset of SIC melting (strain of 2-5) induces a better fatigue life and smaller degradation of stress (or at least of quicker stabilization of stress-strain behaviour) than when working at a high strain of SIC (strain of 4-7). Furthermore, to compare the eC performances at onset of SIC and high strain of SIC, an eC stress coefficient is defined. The eC stress coefficient at a strain of 2-5 (γ 2-5 = 4.4 K MPa −1 ) is larger than at strain of 4-7 (γ 4-7 = 1.6 K MPa −1 ), which shows that the highest performance is obtained at the onset of melting (strain of 2-5). Although the 3000 cycles in SIC strain regimes are still far from realistic working conditions of eC effect-based cooling systems, it is determined that this specific SIC strain regime is promising whereas other strain regimes are not satisfactory. This proves furthermore that the fatigue life can be improved through decreasing strain amplitude and choosing SIC strain regimes. A high-cycle fatigue test is finally applied at a strain of 2-5. It is found that no crack occurs after 1.7 × 10 5 cycles (which is closer to cooling device requirements of 10 6 -10 8 cycles), and the eC temperature change was 3.7 K. It should be noted that a strain varying from 2 to 5 corresponds to a relative strain of only 100% when comparing pre-elongated and fully elongated states. This work constitutes a promising step towards the application of the eC effect of NR in high-cycle cooling applications. Further fatigue tests on higher cycles are needed, as well as checking the influence of combined stress and temperature cycles, typical of those encountered in heat engines.
